In this paper, a novel (ZnSnO 3 /PVDF)@PPy nanofiber (ZPPs)/EP composite (ZPPE) was prepared and its damping and mechanical properties were investigated. The morphology and structure of the composites were studied using X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS). The damping performance was investigated by dynamic mechanical analysis (DMA), and the results showed that for composite ZPPE-60 (i.e., 60% wt ZnSnO 3 ), the storage modulus (E 0 ), loss modulus (E 00 ) and loss factor (tan d) values at 20 C and 1 Hz increased respectively by about 195%, 655%
Introduction
Vibrations and noise generated from automobile, construction, manufacturing industries, etc., negatively affect the design lifetime of engineered structures and could also be harmful to human health and safety. The reduction of vibrations and noise in the aerospace and military elds, etc., has also been extensively researched due to its great strategic implications. Therefore the study of vibration and noise reduction is currently very important both in civil and military elds. [1] [2] [3] [4] [5] [6] [7] Generally, the loss factor (tan d) is used to characterize the damping behavior of a material. Materials displaying high tan d values can dissipate external mechanical vibrations and noise into heat more effectively. Polymers are the most widely used damping materials and, in particular epoxy resins have been extensively utilized in civil and military applications due to their high mechanical strength, low volumetric shrinkage, and good curing characteristics. [8] [9] [10] [11] [12] Signicant damping for epoxy resin is usually limited to the temperature range of T g AE 10 C, since external mechanical energy is dissipated into heat mainly via the friction among macromolecule chains near T g . However, most applications for damping materials require to be used near room temperature hence it is paramount to improve the damping behavior of epoxy polymer near room temperature. Piezo-damping composite is a new kind of damping materials which is composed of the piezoelectric phase, electro-conductive phase, and the polymer matrix. For these class of composites, external mechanical energy can be dissipated via three routes: the viscoelasticity of the polymer matrix itself, internal friction, and the piezo-damping effect. By introducing the piezoelectric phase and conductive phase into the polymer matrix, some of the energy associated with vibration and acoustic noise transforms into electrical energy through the piezoelectric effect of the piezoelectric ceramics. Subsequently, the generated electrical energy can be dissipated into heat as it ows through the composite's resistive phase. Besides, some mechanical energy is dissipated through friction generated by boundary sliding (ller-ller) and interfacial sliding (ller-matrix). [13] [14] [15] Various piezodamping materials using epoxy resin or rubber as the polymer matrix have been studied in the past and some promising results have been already reached. [16] [17] [18] [19] Piezoelectric ceramics with perovskite structure are normally used as the piezoelectric phase in the piezo-damping materials due to their efficient ferroelectric properties. Among them, lead-containing piezoelectric ceramics, such as lead zirconate titanate (PZT), are widely used due to their high piezoelectric coefficient (d 33 ). Nonetheless the fabrication of lead-containing piezoelectric ceramics generates toxic by-products, and the fabrication process is relatively complicated and requires high energy, and generates environmental pollution. 20, 21 In this paper, we use ZnSnO 3 /PVDF nanober mats as the piezoelectric phase which was prepared by the electrospinning process of a mixture of ZnSnO 3 and PVDF. ZnSnO 3 is a relatively new kind of lead-free piezoelectric material which has attracted more and more attention and is currently researched for various applications such as nano-generators. There are many merits to ZnSnO 3 , such as its environmental friendliness, its ability to be synthesized by mild hydrothermal method, and its low-density etc. Most importantly, ZnSnO 3 exhibits self-poled behavior under mechanical strain, hence, the electrical poling process is not required. [22] [23] [24] Poly-vinylidene uoride (PVDF) is a commonly used commercial piezoelectric polymer due to its excellent exibility and piezoelectric properties. PVDF exists in at least ve different crystalline forms: a, b, g, d and 3.
25,26 Among them, the b-phase is primarily responsible for the piezoelectric property of PVDF because its piezoelectric activity is based on the dipole orientation within the crystalline phase. Electrospinning is ideally suited for producing piezoelectric nanobers with the bphase formation through in situ electric poling and mechanical stretching. 27 The electro-spun ZnSnO 3 /PVDF nanober mats possess combined piezoelectricity and could provide abundant ber-matrix interfacial friction in the composite which is benecial for the damping performance. Moreover, the mechanical behavior of the prepared epoxy composite is expected to increase through the ber-reinforced structure. Furthermore, as mentioned above, the ZnSnO 3 /PVDF nanober mats do not need poling process, hence resulting in easy fabrication and energy conservation.
In the previous works, many kinds of conductive ller, such as carbon black, carbon nanotubes, carbon ber and metal powders have been applied as the conductive phase in piezodamping composites (ESI †). Alternatively, conducting polymers including polythiophene (PTh), polyaniline (PANI) and polypyrrole (PPy) have been proposed as candidates to replace conductive materials due to their easy fabrication and low cost. In this work, we chose PPy as the conductive phase due to its good conductivity, ease of fabrication, and low density. 28, 29 In this work, we prepared a new type of piezo-damping (ZnSnO 3 /PVDF)@PPy nanobers (ZPPs)/EP composites (ZPPEs) using ZnSnO 3 /PVDF nanober mats as the piezoelectric phase and PPy as the conductive phase. The damping and mechanical properties of the ZPPE composites with different ZnSnO 3 loading were investigated and the results were presented later in this article. for ve hours. Aer the reaction, the precipitates were collected by centrifugation and washed with deionized water several times to remove residual ions in the products. The nal products were dried at 80 C overnight for later use.
Experimental

Materials
Fabrication of ZPPE composites
Typically, the PVDF pellets were dissolved into a mixture The electrospinning of the ZnSnO 3 /PVDF mixture was conducted as follow: the distance between the tip of the syringe and the collector was 15 cm; the syringe tip diameter was 23 G (nominal outer diameter: 0.6414 mm, nominal inner diameter: 0.337 mm, nominal wall thickness: 0.1524 mm); the feeding rate of the solution was 1.0 ml h À1 and the electrospinning voltage was 22.5 kV. All the experiments were conducted at room temperature under relatively low humidity (25-40%). The obtained ZnSnO 3 /PVDF nanober mats were placed in an oven at 70 C overnight to remove residual solvents.
The ZnSnO 3 /PVDF composite nanober mats were cut into 30 Â 8 Â 2 mm strips and then immersed into a solution composed of Py monomer (0.67 g, 10 mmol) and ethanol (6 ml) for 2 hours. With this process, the surface of the nanobers was coated with Py monomers as shown schematically in Fig. 1 . Aerwards, the mats were taken out of the Py solution and put into a solution of FeCl 3 $6H 2 O (6.2 g) and deionized water (6 ml) for 2 hours to complete the in situ polymerization reaction. Aer washing with deionized water and ethanol several times to remove the unreacted Py monomers and iron ions, the PPycoated ZnSnO 3 /PVDF composite nanobers (ZPPs) were obtained. Subsequently, the ZPP composite nanober mats were immersed into a solution of epoxy resin and DDM (acetone used as the solvent) for 2 hours. Then the nanober mats were placed under vacuum for 1 hour at room temperature to remove solvents and bubbles, and subsequently they were cured at 
Characterization and testing
X-ray diffraction (XRD) spectra were acquired by D/MAX2550/PC using Cu Ka radiation from 8 to 80 at a scan rate of 5 min
À1
under 35 kV and 200 mA. The microstructure and the elemental analysis of ZPP composite nanobers were characterized by eld-emission scanning electron microscopy (FE-SEM, Hitachi S-4800) and energy dispersive spectroscopy (EDS, Hitachi S-4800). The quasistatic d 33 piezometer (Model/ZJ-3A, China) was used to measure the piezoelectric coefficient of the nanobers. Dynamic mechanical measurements were performed on Perkin-Elmer DMA 8000 and rectangular prism specimens of 30 Â 8 Â 2 mm were used for tests. The material property measurements were done in three-point bending mode at the frequency of 1 Hz. The temperature range was from 0 to 160 C at a heating rate of 5 C min À1 and the storage modulus, loss modulus, and loss factor were obtained simultaneously. Flexural tests were performed with a three-point bending xture according to ASTM D-790. The dimensions of the specimens were 50 Â 10 Â 3 mm, which were subjected to bending with a support span of 20 mm at a constant cross-head speed of 1 mm min À1 on a universal testing machine (BTC-T1-FR020 TN.
A50, Zwick, GER). The values were taken from an average of at least ve specimens. Shore D hardness was measured according to DIN EN ISO 868 with a portable Shore D measuring instrument with specimens of 50 Â 10 Â 3 mm, and the reported results were average of at least ve measures.
Results and discussion
The microscopic surface morphology of hydrothermally synthesized ZnSnO 3 powders was studied by SEM as shown in Fig. 2 . It can be observed that the prepared ZnSnO 3 crystals exhibited a well-dened cubic morphology with similar side length of about 100-200 nm. The X-ray diffraction result shown in Fig. 2 indicated that all of the prepared ZnSnO 3 diffraction peaks were in accordance with standard ZnSnO 3 displaying the perovskite structure (JCPDS no. 11-0274). [22] [23] [24] From the XRD pattern, it can also be observed that the ZnSnO 3 exhibited perfect crystallinity, and no diffraction peaks from any other impurities were observed.
A sample of PVDF was dissolved in a solution of DMF and acetone under vigorous stirring, and various amounts of ZnSnO 3 were added into the solution to form a uniform mixture. Aer the electrospinning and drying process, ZnSnO 3 / PVDF nanober mats were obtained. The morphology of pure PVDF ber and ZnSnO 3 /PVDF composite nanobers with different ZnSnO 3 loading were studied by SEM as shown in Fig. 3 . In the SEM images, it can be seen that the prepared mats exhibited a three-dimensional brous mesh structure, composed of uniform diameter bers of about 100-500 nm. The ZnSnO 3 /PVDF nanobers were randomly oriented, and interconnected voids were observed. The diameters of ZnSnO 3 /PVDF nanobers were larger than that of the PVDF bers due to the aggregation of the ZnSnO 3 ceramic particles in the ZnSnO 3 / PVDF nanobers. As the content of ZnSnO 3 increased, some Fig. 1 The graphical fabrication process of ZPPE composites. Fig. 2 The XRD spectra and the SEM images of the synthesized ZnSnO 3 ceramics.
clusters formed by the accumulation of ZnSnO 3 particles could be observed on the bers' surface of 60 wt% ZnSnO 3 /PVDF nanobers ( Fig. 3(h) ). The stacking of ZnSnO 3 particles became more severe as the amount of ZnSnO 3 increased to 80 wt% as observed in Fig. 3(j) for 80 wt% ZnSnO 3 /PVDF nanobers.
Polypyrrole is a type of electrical conductive polymer widely used on account of its facile fabrication and low cost. The above prepared ZnSnO 3 /PVDF nanober mats were coated with PPy and the surface morphology was observed by SEM. Fig. 4 showed SEM images of ZnSnO 3 /PVDF composite nano-bers coated by PPy with different loading ratio of ZnSnO 3 . Based on these images, it appeared that for all samples, the PPy coated uniformly on the surfaces of the nanobers. Fig. 4(f) showed that the PPy coating was composed of polypyrrole particles polymerized by pyrrole monomers. The (ZnSnO 3 /PVDF)@PPy nanober mats were constituted by uniform bers with diameter of approximately 200-800 nm and in general appeared slightly larger than the ZnSnO 3 /PVDF bers. Fig. 5 showed the XRD patterns of PVDF@PPy nanober mats and (ZnSnO 3 /PVDF)@PPy nanober mats with different loading of ZnSnO 3 . The XRD spectra of (ZnSnO 3 /PVDF)@PPy composite nanobers exhibited both PVDF peak and the main ZnSnO 3 peaks, which conrmed the coexistence of PVDF polymer and ZnSnO 3 ceramics in the fabricated composite nanobers. Furthermore, it was found that, as the content of ZnSnO 3 increased, the intensity of the perovskite peaks of ZnSnO 3 also gradually increased while the intensity of the peaks of PVDF polymer gradually deceased, similarly to what reported in previous studies. 30, 31 These results also suggested that the perovskite structure of ZnSnO 3 ceramics was undisturbed during the composite manufacturing process with the PVDF polymer and the electrospinning process. Fig. 6 showed the EDS elemental mapping (C, F, N, O, Sn, Zn) of the fabricated (ZnSnO 3 /PVDF)@PPy composite nanobers. From the N element mapping, it was conrmed that the PPy conducting polymer coated uniformly the surface of the ZnSnO 3 /PVDF nanobers. The Sn, Zn and O element mapping also proved that at the end of the process the ZnSnO 3 ceramic particles were dispersed uniformly in the ZnSnO 3 /PVDF mixture. respectively, which indicated that the ZPPEs had a increase of mechanical performance compared with the epoxy matrix and this may due to the reinforcement effect of the fabric structure of the ZPPs and the high modulus of ZnSnO 3 ceramics. Fig. 7(b) showed the loss modulus of the epoxy matrix and of the fabricated ZPPE composites as a function of temperature. Loss modulus (E 00 ) is a measure of the energy dissipated as heat per unit cycle under mechanical deformation and it is a used to Fig. 6 The element mapping images of the prepared ZPP nanofibers. characterize the viscosity of a material. It was evident that all the fabricated ZPPEs showed higher E 00 values than the epoxy matrix, which indicated that the fabricated ZPPE composites could dissipate more mechanical vibration and noise into heat energy. Furthermore, as the ZnSnO 3 content increased, the E 00 values of the composites increased and reached a maximum value for ZPPE-60 at a content of 60 wt% ZnSnO 3 . For ZnSnO 3 content higher than 60 wt%, E 00 was found to decrease. Table 1 showed that the E 00 values for the epoxy matrix, ZPPE-0, ZPPE-20, ZPPE-40, ZPPE-60 and ZPPE-80 at 20 C were 0.080, 0.296, 0.339, 0.422, 0.523 and 0.470 GPa respectively. Composite ZPPE-60 displayed the best loss modulus behavior at room temperature and its E 00 value represented an increase of about 655% compared to the epoxy matrix at the same temperature. The loss factor is dened as the ratio of storage modulus and loss modulus and higher tan d values indicate better energy dissipation capability of a material. Normally, the service environment for most engineering damping materials is near room temperature, hence the value of tan d should be as high as possible near room temperature. The loss factor values of the epoxy matrix and ZPPEs as a function of temperature at 1 Hz were shown in Fig. 7(c) and (d) . It was evident that the loss factors of all ZPPE composites had been enhanced greatly compared with the epoxy matrix in the temperature range of 0-100 C. This temperature range lied below the T g , since as
shown in Table 1 , the glass transition temperature of the epoxy polymer and the ZPPEs was approximately in the range of 113-125 C. The T g value in this manuscript was dened by the temperature in the peak of the energy dissipation curves (tan d curves) as reported in other works. 34, 35 In ber or nanoller reinforced composites, there are two possible factors that can affect the T g of composites. On one hand, the addition of (ZnSnO 3 /PVDF)@PPy nanobers can lead to the reduction of T g by decreasing the crossing-linking density of the epoxy matrix, which was resulted from disturbing the stoichiometric curing reaction between the curing agents and the epoxy matrix. On the other hand, the nitrogen-containing functional groups on the ber surface can react with the epoxy matrix, thus the mobility of the matrix polymer chains was constrained by the substantial interphase zone around the nanobers. Moreover, the nanober mats can result in higher surface area with more interphase zone in contact with the polymer matrix and thus make the T g shi to higher temperature. The nal effect on T g will depend on the balance of the two effects, which are inu-ence on reaction conversion and molecular connement as reported by other works. [34] [35] [36] [37] [38] The T g decrease can be attributed to that the reduced degree of cross-linking of the epoxy matrix functioned more. As for ZPPE-0, from the SEM picture in Fig. 3(a) and (b), the nanober mats were sparser, thus the cross-linking density was less affected, and the connement of polymer molecular mobility was more obvious, which lead to a little higher T g than the epoxy resin. In the temperature range below T g , the macromolecule chains of epoxy polymer were frozen hence the signicant rise of the damping performance was attributed to the piezoelectric damping effect and the friction effect. When ZPPE composite was subjected to external alternating force, some strain energy was transformed into electrical energy via the piezoelectric effect of ZnSnO 3 /PVDF nanobers, and then the generated electrical current was dissipated as heat when owing through the PPy conductive coating on the surface of the nanobers. Furthermore, friction from ber boundary sliding (ber-ber) and interfacial sliding (ber-matrix) also dissipated mechanical energy into heat. As shown in Fig. 7(c) , it can found that in the glass transition region, the loss factor's peak intensity of all ZPPEs was lower than the one for the epoxy matrix. This occurred because that the introduction of ZPP nanobers was benecial to the enhancement of damping performance of ZPPEs near T g on account of the friction effect. However, most external mechanical energy was mainly dissipated by the constrainedly movement of macromolecule chains under high viscosity system near T g . For ZPPEs, the ZPP nanober mats possessed the main volume content and even the voids were lled with some epoxy polymer, the energy dissipation capability still cannot be improved to the level of pure epoxy resin at the glass transition temperature. As the temperature raised above T g , the macromolecule chains of polymer absorbed sufficient energy to promote free motion, so the mechanical energy dissipated into heat was greatly reduced and the loss factor sharply decreased. It was also found that the damping properties of the ZPPEs were signicantly inuenced by the amount of ZnSnO 3 . As shown in Table 1 , the tan d values of epoxy matrix, ZPPE-0, ZPPE-20, ZPPE-40, ZPPE-60 and ZPPE-80 at 20 C were 0.025, 0.044, 0.047, 0.066, 0.083 and 0.078 respectively. As the ZnSnO 3 content increased, the values of the loss factor increased correspondingly and rose up to a maximum value for ZPPE-60. As the ZnSnO 3 content increased to 80 wt%, the measured loss factor exhibited a marginal drop. This behavior could be explained by the fact that many ZnSnO 3 clusters were found to form on the ZnSnO 3 /PVDF nanobers' surfaces. This scenario was disadvantageous for the function of the piezo-damping effect, and also it was believed that the ZnSnO 3 aggregations hindered the movement of the epoxy macromolecule segments and negatively affected the ber-matrix friction effect. In conclusion, the ZPPE-60 composite exhibited the best damping behavior and its tan d value was enhanced by approximately 330% compared with the epoxy matrix, indicating a substantial improvement of damping performance for ZPPE composites. A comparison of damping performance with other piezoelectric damping composites were listed in Table S1 . † It can be seen that the composite nanobers showed higher d 33 value than some other lead-free piezoelectric ceramics, such as BaTiO 3 or ZnO, which was benecial for the dissipation of external mechanical energy through the piezoelectric damping effect. Moreover, it can also be observed that the ZPPEs exhibited better damping loss factors when compared with some other structural damping composites (ESI †), thus it can be used as good structural damping materials. The variation curves of exural strength, exural modulus and Shore D hardness of ZPPEs with different ZnSnO 3 loading were plotted as shown in Fig. 8 and 9 respectively. As shown in Fig. 8 , all the ZPPE composites exhibited higher exural strength than the epoxy resin matrix. The exural strength increased with increasing ZnSnO 3 loading, and reached a maximum for ZPPE-60, and then it was decreased for composite ZPPE-80. A similar trend was also observed for exural modulus. This may be due to that the fabric structure of ZPP nanober mats and the high modulus of ZnSnO 3 ceramics generated benecial effects on the composites' mechanical behavior. For composite ZPPE-80 with a ZnSnO 3 loading of 80 wt%, too many aggregates were formed which led to decrease of exural property due to stress concentration. As for the Shore hardness results shown in Fig. 9 , it can be found that all ZPPE composites showed clear enhancement in hardness when compared with epoxy matrix. The difference was signicant between ZPPE-20 and ZPPE-0, which was due to the addition of the high modulus ZnSnO 3 ceramics, and meanwhile no evident distinction was observed between ZnSnO 3 containing ZPPEs. In general, the Shore hardness increased with increasing ZnSnO 3 loading. As is well known, conventional hardness is a measure of the resistance of the material to local deformation under nearly static conditions, 32 and these results could anticipate a higher wear resistance for ZPPE composites. 
Conclusions
In this work, composite (ZnSnO 3 /PVDF)@PPy nanobers (ZPPs)/EP composites (ZPPEs) were fabricated and their damping and mechanical properties were studied. Preliminary results showed that both the damping and mechanical performance of the ZPPEs were greatly enhanced compared with the epoxy matrix. The improved dissipation could be explained by a combination of piezo-damping effect and internal friction. Composite ZPPE-60 exhibited the best damping behavior. When compared with the epoxy matrix, the storage modulus, loss modulus, and loss factor increased by as much as 195%, 655% and 330% at 20 C respectively under the frequency of 1 Hz. The exural and wear resistance properties of the ZPPEs were also improved a lot due to the reinforcement effect of the fabric structure of ZPPs. These results suggested that the fabricated ZPPE composites could be used as good structural damping materials. Fig. 8 The variation plots of flexural strength and flexural modulus of epoxy resin matrix and the fabricated piezo-damping ZPPE composites with different ZnSnO 3 loading. Fig. 9 The variation plots of Shore hardness of epoxy resin matrix and the fabricated piezo-damping ZPPE composites.
